Enhanced magnetoresistance (MR) has been observed in Fe 3 O 4 /Si thin films prepared by rapid thermal deoxidation (RTD) method. By use of the sputtering technique, 100nm-thick -Fe 2 O 3 thin films were grown on Si substrates. Those films were deoxidized and varied to Fe 3 O 4 films by RTD method. Electrical resistivity (ER) and magnetoresistance (MR) ratios of the Fe 3 O 4 /Si thin films with and without the RTD were measured between 4K and 300K. The ER of the Fe 3 O 4 /Si thin film without the RTD showed the temperature dependence of the variable range hopping conduction. The ER of Fe 3 O 4 /Si thin films with the RTD showed a kink at around the Verwey transition temperature. The MR ratio of the sample without the RTD is small and monotonically decreases with increasing the temperature. For the samples with the RTD, it is found that the MR ratios are drastically increased as compared with the sample without the RTD.
INTRODUCTION
Magnetite (Fe 3 O 4 ) is known as a ferrimagnetic iron oxide and a halfmetal that has a high Curie temperature (858K). The halfmetal, such as magnetite, chromium dioxide (CrO 2 ), La 2/3 Sr 1/3 MnO 3 , etc., is a material that has an energy gap in the one spin band and no gap in the opposite spin band at the Fermi level. Therefore it is considered to have 100% spin-polarized conduction electrons at 0 K. Since magnetite has high spin polarization for conduction electrons at room temperature due to the high Curie temperature, it is regarded to be advantageous for many applications in the field of spintronics. Iron ions in magnetite are able to take two different sites: tetrahedral A-sites occupied by Fe 3+ and octahedral B-sites occupied by Fe 3+ and Fe 2+ . Thus magnetite is a mixed-valence material. The ratio between the number of Fe 3+ and Fe 2+ in B-sites is 1:1. The electrical conduction is caused by ________________________ Hiromi Kobori 1,a , Naoya Takata the hopping of itinerant electrons with the minority spin from Fe 2+ to Fe 3+ in B-sites. For both basic and applied research, the application of thin film technique to the spintronics is important. Especially, the sputtering technique to produce the thin film is significant for the industrial production.
A number of studies on the electrical, magnetic and structural properties of the magnetite thin films (MTFs) on various substrates prepared by a variety of methods have been reported [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In this paper, we present a study on the enhanced magnetoresistance (MR) in the MTFs on Si (100) substrates prepared by rapid thermal deoxidation (RTD) method. By use of the RTD method, the MTFs have been prepared from hematite ( -Fe 2 O 3 ) thin films (HTFs) deposited by the RF magnetron sputtering method. The MTFs we have prepared are constructed from magnetite fine particles. If the directions of magnetic moments of magnetite fine particles in the MTF can be randomized by use of the RTD method, a large spin-dependent MR can be expected. The larger MR is linked with the application to a more sensitive magnetic-field-sensor. 
EXPERIMENTAL METHODS
By means of the RF magnetron sputtering technique, 100nm-thick HTFs were deposited on Si (100) substrates, through the oxygen reactive process from a Fe (99.99%) target. The pressures of Ar/O 2 gas mixture in the sputtering chamber were 0.8/0.02 Pa, respectively and the applied RF electric power was 100W. The deposition rate of the HTF was 2.5 nm/min and the substrate was not heated. The HTFs were deoxidized and varied to the MTFs by the RTD method. The RTD for the HTFs were carried out in the atmosphere of Ar(90%)/H 2 (10%) gas mixture by use of an infrared image furnace (ULVAC RIKO MILA-3000). The thicknesses of the MHFs transformed from the HTFs are also 100nm. The heat treatment conditions for the RTD are 430ºC/13min, 460ºC/6.5min, 500ºC/2.5min, 550ºC/15sec, and 585ºC/0sec, where the RTD time means the holding time at the maximum RTD temperature. For comparison, a 100nm-thickMTF was also prepared on Si (100) substrates by the oxygen reactive process.
The X-ray diffraction (XRD) measurement with 2θ scan was carried out to investigate the crystallinity of the MTF. From the XRD measurement, we have found that the crystallinity of the as-grown HMFs are low, whereas that of the MTFs with the RTD are highly increased. In addition, from the atomic force microscope measurement, it is found that the size of magnetite fine particles in the MTFs with the RTD increases with increasing the heat treatment temperature. The MTFs were cut to a rectangular shape (3mm x 8mm) by using a low-speed diamond wheel-saw. The four electrodes were attached to the rectangular shaped MTFs for 4-probe measurement. The MTFs were set to the closed-cycle He-refrigerator and the temperature was varied between 4K and 300K. The electrical resistivity (ER) and MR measurements were performed as a function of the temperature and magnetic field. The magnetic field was applied up to 0.7T by utilizing the electromagnet to the direction parallel to the film plane and the electric current.
RESULTS AND DISCUSSION
Figure 1(a) shows the XRD pattern of the HTF on Si (100) substrates. A small and broad peak with Miller index (104) for hematite is seen in this figure. Two small peaks at 51º and 55º come from the Si (100) substrate. Figures 1(b) and 1(c) show the XRD patterns of the MTFs on Si (100) substrateswith 430ºC/13min and 585ºC/0sec, respectively. It is found that the intensities of (311) and (440) peaks for magnetite are strongly observed at 35.6º and 62.7º, respectively. The MTFs prepared by the RTD method slightly contains FeO and the peak at 60.9º corresponds to (220) for FeO. Approximately, there is a tendency that the intensity of the (220) peak for FeO increases with increasing the RTD temperature. It is considered that the crystallinity of the MTF with the RTD is highly improved as compared with that of the as-grown HTF. Figure 2(a) shows the AFM image for the as-grown HTF. Figures 2(b) and 2(c) indicate the AFM images for the MTFs prepared by the RTD method under the conditions of 430ºC/13min and 585ºC/0sec, respectively. As seen in these figures, the HTF and MTFs are formed of the aggregation of fine particles. The hematite fine particles in the HTF range in size from 30nm to 50nm. On the other hand, the sizes of magnetite fine particles in the MTFs prepared by the RTD method for 430ºC/13min and 585ºC/0sec are 40nm-60nm and 70nm-90nm, respectively. Approximately, with increasing the heat treatment temperature of the RTD, the magnetite fine particle sizes in the MTFs have a tendency to increase, although the heat treatment times of the RTD are different. [11, 12] . As for the as-grown MTF, no abrupt change of the ER is observed at around the VTT. As seen in Fig. 3(b) , the ER cannot be expressed by use of a simple activation-type conduction equation, ρ(T)= ρ ∞ exp(-E A/ k B T), where and ρ ∞ are the activation energy and the ER at the high temperature limit, respectively. We have found in Fig.  3(c) that the ER follows a temperature dependence corresponding to a Mott-type variable-range-hopping (VRH) conduction [13, 14] . Mott's law for the VRH conduction is given as ρ(T)=ρ 0 exp{(T 0 /T 1/4 }; T 0 =β 0 /(k B g(ε F )α 3 ), where T 0 is the characteristic temperature: β 0 , α and g(ε F ) represent a numerical constant, the localization length and the density of states at the Fermi energy ε F respectively. Various theoretical studies of 3-dimensional systems suggest that β 0 is between 10.0 and 37.8 [15] . The linearity of the ER for the as-grown MTF in ln(ρ)-T -1/4 plot is good over a wide temperature range. This suggests that the crystallinity of the as-grown MTF is low. On the other hand, the ER of the MTFs prepared by the RTD method is smaller than that of the as-grown MTF and shows a slight kink at around the VTT. This result suggests that the crystallinity of the MTFs with the RTD is higher than that of the as-grown MTF. Figures 4(a), 4(b) and 4(c) show the magnetic field dependence of MR ratios for the as-grown MTF and the MTFs with 430ºC/13min and 585ºC/0sec, respectively. The magnetic field H was applied along the film plane and the electric current. Here ρ(H) is the MR at the magnetic field H and the MR ratio is expressed as Δ ρ(H)/ρ(0)={ρ(H)-ρ(0). In Fig. 4(a) , the MR curves at 100K and 120K almost overlap one another. The magnetic field dependence of the MR shows the hysteresis corresponding to the magnetization. It is found from these figures that in the vicinity of the VTT the MR ratios for the MTFs with the RTD are considerably enhanced as compared with that of the as-grown MTF. Figure 5 (a) shows the temperature dependence of the MR ratios at 0.7 T for the as-grown MTF and the MTFs prepared by the RTD method with various heat treatment conditions. Figure 5 (b) is a magnified view of Fig. 5(a) . As seen in Fig.  (a) , when the temperature is raised, the absolute value (magnitude) of the MR ratio ( ) for the as-grown MTF shows a slow decrease and has no extremum at around the VTT. On the contrary, for the MTFs with the RTD indicate a maximum at around the VTT and are much larger values than that of the as-grown MTF. The phenomenon that has a maximum at around the VTT is also observed for a bulk single crystal of magnetite. The existence of the maximum for suggests that the crystallinity of the MTF with the RTD is higher than that of the as-grown MTF. It has been reported that the magnetite fine particle (MFP) below the size of 100 nm -200 nm has a single magnetic domain in it [16] . In addition, the MFP below 10 nm -20 nm shows the superparamagnetic behavior at room temperature [17] . Since the MFP sizes in the as-grown MTF and the MTFs with the RTD are approximately less than 100nm, we consider that a single magnetic domain is formed in the MFPs.
E A
of the MTF is mainly determined by the MFP size and the internal angle θ(0°≤θ≤180) between the magnetic moments of adjacent MFPs. With decreasing the MFP size and/or increasing θ, is intensified by the increment of the spin scattering. The magnetic domain size in bulk single crystal of magnetite (1m -100m) is much larger than the MFP size in the MTF. This means that of bulk single crystal of magnetite results in a very small value as compared with that of the MTF. degree of magnetic moments of the MFPs. By the RTD near the Curie temperature of magnetite (585ºC), the magnetic moments of the MFPs in the MTF were randomized. When itinerant electrons in the MFP transfer to the adjacent MFP, if the internal angle between the magnetic moments of adjacent MFPs becomes larger, the spin scattering becomes stronger. The transfer of itinerant electrons between adjacent MFPs with large internal angles leads to a high ER for the MTF due to the strong spin scattering. The application of a magnetic field to the MTF causes the magnetic moments of the MFPs to approach the direction of a magnetic field. This leads to a low ER for the MTF due to the weak spin scattering. Thus, this causes large for the MTFs. In Fig. 5(b) , it should be noted that the MTF shows the largest is not that with 585ºC/0sec but 580ºC/15sec. As concerns this experimental result, we consider that the crystallinity of the MTF with 585ºC/0sec is lower than that of other MTFs due to the shortness of crystallization time.
CONCLUSIONS
Enhanced magnetoresistance (MR) in the magnetite thin films (MTFs) on Si (100) substrates prepared by rapid thermal deoxidation (RTD) method has been studied. For the magnetite fine particles in the MTFs produce by the RTD method, the crystallization has been promoted and the randomization of magnetic moments has been intensified by the heat treatment. We have found that the magnitude of the MR ratio for the MTFs is strongly enhanced by use of the RTD method, as compared that of the as-grown MTF. 
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